Introduction
============

Alzheimer disease (AD)[^2^](#FN3){ref-type="fn"} is characterized by extracellular plaques of which the main constituent is amyloid β (Aβ), as well as intracellular tangles of which the main constituent is the tau protein. Alzheimer disease is also characterized by extensive loss of neurons and synapses. However, there is little or no evidence of excess neuronal death in AD patient brains compared with age-matched controls ([@B1]--[@B3]). One possible explanation for this is that neuronal death rates are low, and dead neurons are removed almost immediately after they are generated ([@B1]). An alternative explanation is that the neurons are removed by phagocytosis before they die ([@B4]). This type of cell death we shall refer to as "primary phagocytosis" with the defining characteristic that inhibition of phagocytosis prevents cell death.

The main phagocytes in the brain are microglia, which are essentially resident brain macrophages. In AD, neuritic plaques of fibrillar amyloid contain inflammatory-activated microglia ([@B5]), and in culture, Aβ potently activates microglia and their phagocytic capacity ([@B6]). Fibrillar Aβ (at high concentrations) activates microglia via a variety of receptors including TLR2, TLR4, CD36, CD47, and class A scavenger receptors, which activate Src, Vav, and Rac, which in turn activate both the phagocyte NADPH oxidase and phagocytosis ([@B7]). Phagocytosis of cells, however, requires recognition by the microglia of signals present on the target cell. Exposure of phosphatidylserine (PS) on the outer leaflet of the plasma membrane of cells is a signal recognized by phagocytes to eat that cell (*i.e.* it is an "eat-me" signal). Receptors/adaptors thought to be involved in PS recognition include the vitronectin receptor, an integrin α~v~β~3/5~, binding PS via adaptor proteins such as MFG-E8 ([@B8], [@B9]). The most well known cause of PS exposure on the surface of a cell is as a result of apoptotic signaling ([@B10], [@B11]). However, PS can be exposed reversibly or irreversibly for a variety of other reasons, including the following: calcium- or oxidant-induced activation of the phospholipid scramblase (which transports PS between the inner and outer leaflet of the plasma membrane) and oxidant- or ATP-depletion-induced inactivation of the aminophospholipid translocase (which pumps PS from the outer to inner leaflet) ([@B12]--[@B14]). Aβ itself can induce neurons to expose PS ([@B15]), and PS exposure may be elevated on neurons in Alzheimer disease and mild cognitive deficit ([@B16], [@B17]). Thus, Aβ may both activate phagocytosis by microglia and cause neurons to expose the "eat-me" signal PS. This suggests the possibility that Aβ may cause microglial phagocytosis of viable PS-exposing neurons.

At high concentrations (μ[m]{.smallcaps}), Aβ can directly kill neurons in culture, but at lower concentrations (n[m]{.smallcaps}), Aβ kills neurons at least partly via inflammatory activation of glia ([@B18]). The mechanisms of the direct Aβ neurotoxicity are unclear but may involve activation of receptors or formation of amyloid pores ([@B19]). However, because the concentrations of Aβ1--42 required to induce direct neurotoxicity are so high (10--100 μ[m]{.smallcaps}) ([@B20]), relative to levels present in AD patient brains (∼1--20 μg/g (200--4500 n[m]{.smallcaps}) of insoluble Aβ1--42 and 10--300 ng/mg (2--65 n[m]{.smallcaps}) of soluble Aβ1--42 ([@B21]--[@B25])), it is unclear whether this direct neurotoxicity is ever relevant *in vivo*. The mechanism of the indirect neurotoxicity of Aβ at low concentrations is also unclear, but in general, inflammatory-activated microglia kill neurons via oxidants from phagocyte NADPH oxidase, nitric oxide from inducible NO synthase, glutamate, or proteases ([@B26]). However, recently, we have characterized a novel mechanism by which microglia activated by LPS or lipoteichoic acid (agonists for TLR4 and TLR2, respectively) induce neuronal death. This involved activated microglia inducing the reversible exposure of PS on neurons and then phagocytosing those neurons via a PS/MFG-E8/vitronectin receptor-mediated pathway ([@B27]). Aβ can also activate microglia and their phagocytic capacity via TLR2/4 ([@B7], [@B28], [@B29]), and the potential involvement of phagocytosis in neuronal loss was indicated in preliminary experiments using Aβ25--35 ([@B27]). Therefore, we tested here whether Aβ-induced neuronal loss in culture is mediated by microglial phagocytosis. We find here that nanomolar Aβ1--42 induces microglia-dependent neuronal loss. Blocking phagocytosis prevents this neuronal loss and leaves live neurons, suggesting that Aβ is inducing the phagocytosis of live neurons and that blocking phagocytosis might be of therapeutic benefit.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Materials

Amyloid β 1--42 peptide was from EZBiolab, reverse amyloid β 42--1 peptide was from AnaSpec, Inc., cyclo(RGDfV/RADfV) was from Bachem, and authentic peroxynitrite was from Cayman Chemical. Unlabeled annexin V reagent and annexin V-EGFP were from BioVision, and SYTOX Red and Alexa Fluor 488-labeled *Griffonia simplicifolia* isolectin B~4~ were from Invitrogen. NeuN antibody was from Chemicon, glial fibrillary acidic protein (GFAP) antibody was from Dako, β-tubulin III antibody was from Sigma, synapsin I antibody was from Millipore, synaptosomal-associated protein 25 (SNAP-25) (SMI 81) antibody was from Covance, phosphatidylserine antibody was from Abcam, and mouse control IgG was from eBioscience. Secondary antibody goat anti-rabbit Alexa Fluor 488 was from Invitrogen, goat anti-rabbit-Cy3, goat anti-mouse-Cy3, and Fc region-specific anti-mouse F(ab)~2~ fragment were purchased from Jackson ImmunoResearch Laboratories. Carboxylate-modified fluorescent microspheres were from Invitrogen. All other materials were purchased from Sigma.

#### Preparation of Amyloid β Monomers, Oligomers, and Fibrils

Different conformations of amyloid β 1--42 were prepared as described previously ([@B30], [@B31]). 1.0 mg of peptide was dissolved in 400 μl of 1,1,1,3,3,3-hexafluorisopropanol for 30--60 min at room temperature. 100 μl of the resulting seedless solution was added to 900 μl of double-distilled water. After 10--20 min of incubation at room temperature, the solution was centrifuged for 15 min at 12,000 rpm, supernatant was transferred to a new tube, and HFIP was evaporated. For soluble oligomers, the solution was incubated for 24 h at room temperature with shaking. Fibrils were prepared by incubating the solution for 7 days at room temperature. Monomers were prepared by dissolving Aβ1--42 in HFIP and, after removal of HFIP by evaporation, resuspending in dimethyl sulfoxide at a concentration of 0.5 m[m]{.smallcaps}.

#### Primary Cell Culture

All experiments were performed in accordance with the UK Animals (Scientific Procedures) Act (1986) and approved by the Cambridge University local ethical committee. Primary mixed neuronal/glial cultures from postnatal day 5--7 rat cerebella were prepared as described previously ([@B32]). Cells were plated at a density of 5 × 10^5^ cells/well on poly-[l]{.smallcaps}-lysine coated 24-well plates and stimulated after 7--9 days *in vitro*. Glial cultures and pure microglial cultures were prepared as described previously ([@B33]).

#### Microglia Depletion

To remove microglial cells, mixed neuronal/glial cultures were treated with 50 m[m]{.smallcaps} [l]{.smallcaps}-leucine-methyl-ester for 4 h, and then medium was replaced with conditioned medium from sister cultures.

#### Culture Treatment

Cells were treated with 10 n[m]{.smallcaps}--10 μ[m]{.smallcaps} of amyloid β 1--42. Cytochalasin D (1 μ[m]{.smallcaps}) was added 48 h after stimulation. Annexin V (100 n[m]{.smallcaps}) and phosphatidylserine antibody (5 μg/ml) were added together with Aβ1--42 or 48 h after stimulation as specified. Cyclo(RGDfV)/cyclo(RADfV) peptides (50 μ[m]{.smallcaps}) were added together with Aβ1--42. Phosphatidylserine antibody and mouse control IgG were washed with PBS using Amicon Ultra centrifugal filters (10-kDa molecular mass cut-off, Millipore). Antibodies were blocked with 5-fold molar excess of a Fc region-specific F(ab′) fragment to prevent recognition of the antibodies through their Fc domains by microglial Fcγ receptors. To test for LPS contamination, Aβ1--42 was preincubated with polymyxin B (1000 units/ml, 30 min at 37 °C) and then diluted into the culture medium (final polymyxin B concentration was 10 units/ml). LPS was used at 100 ng/ml. To induce neuronal apoptosis or necrosis, cultures were treated for 2 h with glutamate (200 μ[m]{.smallcaps}) or peroxynitrite (100 μ[m]{.smallcaps}), respectively.

#### Quantification of Cell Densities

Cell densities were assessed 1, 2, 3, or 7 days after treatment. Cultures were labeled with nuclear stains Hoechst 33342 (10 μg/ml) and propidium iodide (1 μg/ml) as well as microglia-specific marker Alexa Fluor 488-tagged isolectin B~4~ (2 μg/ml). Four images per well were taken using a Zeiss Axiovert S100 microscope. Healthy neurons were recognized by their morphology in phase contrast images, neurons with condensed chromatin were scored as apoptotic, whereas propidium iodide-positive neurons were scored as necrotic.

#### Phagocytosis Assay

Microglia cells separated from glial cultures were plated at a density of 5 × 10^4^ cells/well on poly-[l]{.smallcaps}-lysine coated 24-well plates and left to adhere overnight. The culture was then treated with 250 n[m]{.smallcaps} Aβ1--42 for 1 h or 24 h before 3 μl of 1:10 dilution of 1 μm fluorescently labeled carboxylate-modified microspheres were added, and cells were incubated for 2 h at 37 °C, 5% CO~2~. The medium was removed, and the culture was washed several times to remove excess beads. Cells were labeled with Hoechst 33342 (10 μg/ml), propidium iodide (1 μg/ml), and Alexa Fluor 488-tagged isolectin B~4~ (2 μg/ml). Four images per well were taken using a Leica DMI6000 CS microscope. Bead number per cell was evaluated in \>50 cells per condition.

#### Annexin V Staining

Three days after treatment, live cells were incubated with EGFP-tagged annexin V reagent (1:250) for 30 min at 37 °C, 5% CO~2~. Cells were washed once with PBS and fixed with paraformaldehyde as described below.

#### Immunostaining

Cultures were grown on poly-[l]{.smallcaps}-lysine-coated glass coverslips. Cells were fixed with 4% paraformaldehyde for 20 min at room temperature and quenched with 30 m[m]{.smallcaps} glycine solution in PBS. Cell membranes were permeabilized with 0.1% Triton X-100 for 5 min. Annexin V staining was detergent-sensitive; therefore, for annexin V-labeling of cells, the permeabilization step was omitted. Unspecific epitopes were blocked with 5% normal serum of secondary antibody host species for 1 h. Cells were incubated with primary antibody for 1 h at room temperature and then with secondary antibody in 2.5% normal serum of secondary antibody host for 1 h at room temperature. Coverslips were mounted with FluorSave reagent (Calbiochem) and imaged under a Leica DMI6000 CS microscope or a confocal Olympus Fluoview 300 microscope.

#### Statistical Analysis

For all experiments, all conditions were repeated in duplicate. Experiments were replicated in at least three independent cultures. All data presented are expressed as means ± S.E. Statistical analysis was performed using PASW Statistics software. Normality of data was verified by a Shapiro-Wilk test. Means were compared by one-way analysis of variance and post hoc Bonferroni test. *p* values \< 0.05 were considered as significant.

RESULTS
=======

### 

#### Nanomolar Aβ-induced Neuronal Loss in Primary Neuronal/Glial Cultures

We investigated the neurotoxicity of amyloid β 1--42 peptide (Aβ1--42) in mixed neuronal/glial cultures from rat cerebellum. These cultures consisted of 72 ± 7% of NeuN-positive neurons (almost all cerebellar granule neurons), 6 ± 1% of glial fibrillary acidic protein (GFAP) positive astrocytes and 3 ± 1% of isolectin B~4~-positive microglia. Cultures were treated with different concentrations of Aβ1--42 (2.5 n[m]{.smallcaps}--10 μ[m]{.smallcaps}) for 3 days. There was significant loss of neurons in the cultures treated with 10 n[m]{.smallcaps} to 10 μ[m]{.smallcaps} of Aβ1--42 without visible neuronal death by apoptosis or necrosis ([Fig. 1](#F1){ref-type="fig"}, *A* and *B*). Because these neurons are post-mitotic, and the number of neurons in untreated cultures changes little with time (see [Fig. 3](#F3){ref-type="fig"}*A*), loss of neurons corresponds to either phagocytosis or neuronal disintegration. Half-maximal neuronal loss was at ∼5 n[m]{.smallcaps} Aβ1--42, but neuronal loss was not reliably reproducible at this concentration ([Fig. 1](#F1){ref-type="fig"}*A*). Further experiments were performed using Aβ1--42 concentration of 250 n[m]{.smallcaps}, as this concentration caused maximal and reproducible neuronal loss of 28 ± 5%.

![**Monomeric Aβ1--42 induces neuronal loss at sub-micromolar concentrations without increasing neuronal death.** *A*, mixed neuronal/glial cultures were treated with different concentrations of Aβ1--42 for 3 days. Data are presented as means ± S.E. for ≥3 independent experiments; \*\* and \*\*\*, *p* \< 0.01/0.001 *versus* control. *B*, 3 day treatment with 250 n[m]{.smallcaps} Aβ1--42 causes loss of healthy neurons (phase contrast, Hoechst 33342); numbers of apoptotic (condensed Hoechst 33342 positive nuclei) or necrotic (propidium iodide positive nuclei) neurons do not increase. *Scale bars*, 25 μm.](zbc0501184680001){#F1}

#### Different Aβ Conformations Had Similar Effect on Neuronal Loss

Different aggregation states of Aβ1--42 have been reported to induce different levels and types of neurotoxicity ([@B31], [@B34]). To investigate whether various conformations of Aβ1--42 peptide had different effects in mixed neuronal/glial culture, cells were treated with monomeric, oligomeric, and fibrillar forms of Aβ1--42 at the same concentration. All conformations caused significant neuronal loss; however, there was no difference between monomeric and preaggregated Aβ1--42 forms ([Fig. 2](#F2){ref-type="fig"}). The concentration dependence of neuronal loss induced by various Aβ1--42 conformations was also similar in the range of 2.5 n[m]{.smallcaps} to 1 μ[m]{.smallcaps} (data not shown). This is perhaps unsurprising as over the 3 days of the experiment the different preparations of Aβ1--42 are likely to adopt the same conformation. The monomeric form of Aβ1--42 was used for all further experiments.

![**Different conformations of Aβ1--42 at nanomolar concentrations have similar neurotoxicity in mixed neuronal/glial cultures.** Cells were treated with 250 n[m]{.smallcaps} of monomeric (*mA*β), oligomeric (*oA*β) and fibrillar (*fA*β) Aβ1--42 for 3 days. Data are presented as means ± S.E. for ≥3 independent experiments; \*\*\*, *p* \< 0.001 *versus* control.](zbc0501184680002){#F2}

#### Neuronal Loss Occurred between 48 and 72 h of Treatment

To investigate the time course of Aβ1--42-induced neuronal loss, cultures were assessed at 24 h, 48 h, 72 h, and 7 days after Aβ1--42 was added ([Fig. 3](#F3){ref-type="fig"}). Little or no neuronal loss was observed during the first 2 days of treatment; however, between 48 and 72 h of treatment, 29 ± 3% of neurons were lost in the Aβ1--42-treated culture. Aβ1--42 had no significant effect on the number of necrotic or apoptotic neurons compared with the untreated cultures at any particular time point. Thus, Aβ1--42 induced neuronal loss between 2 and 3 days without changing the number of dead cells significantly.

![**Neuronal loss occurs between 48 and 72 h of treatment.** Mixed neuronal/glial cultures were treated with 250 n[m]{.smallcaps} Aβ1--42. Little or no loss is observed in non-treated control cultures (*A*) or during the first 2 days as well as from 3 to 7 days of Aβ1--42 treatment (*B*). Data are presented as means ± S.E. for ≥3 independent experiments. \*\*\*, *p* \< 0.001 *versus* control.](zbc0501184680003){#F3}

#### Aβ-induced Neuronal Loss Was Sequence-specific

Reverse peptide Aβ42--1, prepared in the same way, caused no loss of neurons ([Fig. 4](#F4){ref-type="fig"}*A*). The solvent (dimethyl sulfoxide) added alone also did not cause any neuronal loss ([Fig. 4](#F4){ref-type="fig"}*A*). Because chemical synthesis of peptides is not performed under sterile conditions and a component of bacterial cell wall (lipopolysaccharide, LPS) is known to activate microglia and cause neuronal loss in mixed neuronal/glial cultures ([@B27]), the LPS-binding antibiotic polymyxin B was added to eliminate the possibility that neuronal loss occurred due to contamination of the Aβ1--42 with LPS. Although LPS-induced loss of neurons was completely prevented by polymyxin B, pre-incubation of Aβ1--42 with polymyxin B did not inhibit Aβ1--42-induced neuronal loss ([Fig. 4](#F4){ref-type="fig"}*B*), demonstrating that this loss was not mediated by LPS.

![**Aβ-induced neuronal loss is sequence dependent and microglia-mediated.** *A*, reverse sequence peptide Aβ42--1 (250 n[m]{.smallcaps}) or vehicle dimethyl sulfoxide (*DMSO*, 0.05%) does not cause neuronal loss over 3 days of treatment. *B*, neuronal loss is not prevented by endotoxin removal, when Aβ1--42 is preincubated for 30 min at 37 °C with polymyxin B (*PMX*, 1000 units/ml); however, neuronal loss induced by LPS (100 ng/ml) is completely prevented by LPS pre-incubation with polymyxin B. *C*, neuronal loss induced by 250 n[m]{.smallcaps} Aβ1--42 is completely prevented by selective depletion of microglial cells with [l]{.smallcaps}-leucine-methyl esther (*LME*), whereas neurotoxicity of 10 μ[m]{.smallcaps} Aβ1--42 is microglia-independent. Data presented as means ± S.E. for ≥3 independent experiments. \*\*\*, *p* \< 0.001 *versus* control; \#\#\#, *p* \< 0.001 *versus* Aβ1--42 (*A* and *C*) or LPS (*B*).](zbc0501184680004){#F4}

#### Aβ-induced Neuronal Loss Was Microglia-dependent

Because Aβ1--42 may cause neuronal loss due to direct neurotoxicity as well as through activated microglia, we tested whether the observed Aβ1--42-induced neuronal loss was dependent on the presence of microglial cells in the culture. Microglia were selectively eliminated by treatment with the lysosomotropic reagent [l]{.smallcaps}-leucine-methyl-ester. [l]{.smallcaps}-Leucine-methyl-ester treatment effectively removed microglia cells without affecting astrocytes or neurons in the culture ([@B27]). When these microglia-depleted cultures were treated with 250 n[m]{.smallcaps} Aβ1--42, no neuronal loss occurred ([Fig. 4](#F4){ref-type="fig"}*C*), thereby implicating microglia as mediators of the neurotoxicity of Aβ1--42 at low concentrations. In contrast, high concentration of Aβ1--42 killed neurons through microglia-independent mechanism because microglial cell removal did not prevent neuronal loss induced by 10 μ[m]{.smallcaps} Aβ1--42 ([Fig. 4](#F4){ref-type="fig"}*C*).

#### Aβ Enhanced Microglial Phagocytic Activity

Aβ1--42 is known to affect microglial phagocytic capacity. To investigate whether low concentrations of Aβ1--42 are sufficient to enhance phagocytic capacity of primary microglia, pure microglia were treated with Aβ1--42 and then presented with fluorescent carboxylate-modified microbeads. (The negative charge of carboxylate mimics that of phosphatidylserine exposed on the surface of cells.) Stimulation with 250 n[m]{.smallcaps} Aβ1--42 increased microglial phagocytic capacity ∼2-fold after 1 h and ∼3-fold after 24 h ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*).

![Treatment with Aβ1--42 (250 n[m]{.smallcaps}) for 1 or 24 hours (h) increases microglial phagocytic uptake of fluorescent carboxylate-modified microspheres (*A*). Data are presented as means ± S.E. for ≥3 independent experiments. \*\*\*, *p* \< 0.001 *versus* control. *B*, microglia plasma membranes were labeled with Alexa Fluor 488-tagged isolectin B~4~. *Scale bars*, 10 μm.](zbc0501184680005){#F5}

#### Inhibition of Microglial Phagocytosis Prevented Aβ1--42-induced Neuronal Loss

Because Aβ increased microglial phagocytosis, it is possible that the Aβ-induced neuronal loss was due to microglial phagocytosis of neurons. Therefore, we investigated whether blocking phagocytosis could inhibit Aβ1--42-induced neuronal loss.

Cytochalasin D was used to inhibit F-actin polymerization, which is essential for phagocytosis to occur. When cytochalasin D was added to Aβ1--42-treated cultures, it completely prevented neuronal loss ([Fig. 6](#F6){ref-type="fig"}*A*), indicating that phagocytosis (or other processes dependent on F-actin polymerization) was required for Aβ-induced loss of neurons.

![**Aβ-induced neuronal loss is prevented by inhibition of phagocytosis.** Mixed neuronal/glial cultures were treated for 3 days with Aβ1--42 (250 n[m]{.smallcaps}) with or without phagocytosis inhibitors. *A*, cytochalasin D (*cytoD*, 1 μ[m]{.smallcaps}, added at 48 h of treatment); *B*, annexin V (*AnxV*, 100 n[m]{.smallcaps}, added with Aβ1--42); *C*, phosphatidylserine antibody (α-PS) or mouse control IgG (5 μg/ml, added with Aβ1--42); *D*, annexin V (*AnxV*, 100 n[m]{.smallcaps}) and phosphatidylserine antibody (α-PS) added at 48 h of treatment; *E*, cyclo(RGDfV) peptide (*cRGD*) or control peptide cyclo(RADfV) (*cRAD*, 50 μ[m]{.smallcaps}, added with Aβ1--42). *F* and *G*, cultures were treated with Aβ1--42 and cRGD for 7 days. Data are presented as means ± S.E. for ≥3 independent experiments. \*\*\*, *p* \< 0.001 *versus* control; \#\#\#, *p* \< 0.001 *versus* Aβ1--42. *Scale bars*, 25 μm.](zbc0501184680006){#F6}

Microglial phagocytosis of cells is mediated by recognition of phosphatidylserine (PS) exposed on the external plasma membrane surface of target cell. Treatment of mixed neuronal cultures with Aβ1--42 increased PS exposure by ∼40% as determined by binding of fluorescently labeled annexin V ([Fig. 7](#F7){ref-type="fig"}*A*). Most of the external PS was localized to neuronal processes and was distributed along β-tubulin III-positive neurites ([Fig. 7](#F7){ref-type="fig"}*B*).

![**Treatment with Aβ1--42 (250 n[m]{.smallcaps}) increases phosphatidylserine exposure on neurons and induces synaptic loss.** *A*, phosphatidylserine exposure on neurons was measured by EGFP-tagged annexin V binding. *B*, surface PS was labeled with annexin V-EGFP (*green*), neuronal cytoskeleton was labeled with β-tubulin III (*red*). *Scale bars*, 30 μm. *C*, Aβ1--42-induced synapsin I loss can be prevented by co-treatment with phagocytosis inhibitors cyclo(RGDfV) peptide (*cRGD*, 50 μ[m]{.smallcaps}) or annexin V (*AnxV*, 100 n[m]{.smallcaps}) added together with Aβ1--42. *D*, Aβ1--42-induced SNAP-25 loss can be prevented by co-treatment with phagocytosis inhibitors cyclo(RGDfV) peptide (*cRGD*, 50 μ[m]{.smallcaps}, added with Aβ1--42) or annexin V (*AnxV*, 100 n[m]{.smallcaps}, added at 48 h of treatment). *E*, neurons were labeled with synaptic proteins synapsin I (*green*) and SNAP-25 (*red*). *Scale bars*, 10 μm. Data are presented as means ± S.E. for ≥3 independent experiments. \* and \*\*\*, *p* \< 0.05 and 0.001 *versus* control, respectively; \# and \#\#\#, *p* \< 0.05 and 0.001 *versus* Aβ1--42, respectively.](zbc0501184680007){#F7}

To mask surface PS, we added annexin V, which is known to bind to PS with high affinity and to block phagocytosis mediated by PS ([@B35]). When annexin V was added to Aβ1--42-treated mixed cultures, neuronal loss was completely prevented ([Fig. 6](#F6){ref-type="fig"}*B*). An antibody to phosphatidylserine also prevented Aβ1--42-induced neuronal loss, whereas control immunoglobulins did not have any effect ([Fig. 6](#F6){ref-type="fig"}*C*).

Cell surface phosphatidylserine is involved in Aβ binding to neurons ([@B36]), and annexin V can be protective against direct Aβ neurotoxicity ([@B37], [@B38]). To eliminate the possibility that annexin V and the phosphatidylserine antibody blocked Aβ binding to cells and the subsequent activation of microglia rather than phagocytosis of PS-exposing neurons, these inhibitors were added 48 h after Aβ1--42. Both annexin V and PS antibody prevented neuronal loss when added at 48 h of treatment ([Fig. 6](#F6){ref-type="fig"}*D*), indicating that the neuroprotective effect was due to the inhibition of phagocytosis. These experiments indicate that PS is an essential recognition signal for the Aβ-induced removal of neuronal cells by microglia.

PS exposed on a target cell may be recognized by bridging proteins, including MFG-E8. MFG-E8, also known as lactadherin, is a secreted glycoprotein that binds to PS through C-terminal domains and to α~v~ integrins expressed on the phagocytic cell through a RGD motif ([@B39]), thus establishing contact essential for phagocytosis. We used a specific α~v~/β~3/5~ receptor antagonist cyclo(RGDfV) (cRGD) peptide to inhibit this interaction ([@B40]). cRGD effectively prevented neuronal loss, whereas a control peptide cyclo(RADfV) (cRAD) did not have any effect on neuronal loss ([Fig. 6](#F6){ref-type="fig"}*E*).

Note that these four different phagocytosis inhibitors (cytochalasin D, annexin V, PS antibody, and cyclo(RGDfV) all prevented Aβ-induced loss of live neurons, while causing no significant changes in the numbers of dead (apoptotic or necrotic) cells observed in the culture. This indicates that the neuronal loss was due to primary phagocytosis. If the neurons had been removed after they died (secondary phagocytosis), phagocytosis inhibitors would have increased the numbers of dead without changing the number of live cells. Thus, our results indicate that neuronal loss through phagocytosis was not preceded by neuronal death.

Importantly, cRGD was equally protective at 7 days of treatment with Aβ1--42 ([Fig. 6](#F6){ref-type="fig"}, *F* and *G*) as after 3 days, demonstrating that inhibition of phagocytosis did not merely delay neuronal death but rather saved viable neurons.

#### Inhibition of Microglial Phagocytosis Prevented Aβ1--42-induced Loss of Synapses and Neurites

When mixed neuronal/glial cultures were treated with Aβ1--42 for 3 days, the synaptic density of the culture was reduced by ∼30% as determined by synapsin I staining ([Fig. 7](#F7){ref-type="fig"}, *C* and *E*). Co-treatment with cRGD or annexin V blocked synaptic loss ([Fig. 7](#F7){ref-type="fig"}, *C* and *E*). Synapsin I staining was restricted to synaptic terminals and co-localized with another synaptic protein SNAP-25. However, in addition to synapses, the SNAP-25 antibody also labeled neuronal cell bodies and axons as has been reported for developing brains and cell cultures ([@B41], [@B42]). Quantitatively, most of the SNAP-25 staining was on neuronal processes (neurites) ([Fig. 7](#F7){ref-type="fig"}*E*). Aβ1--42 treatment for 3 days caused a decrease of SNAP-25 staining by ∼25% ([Fig. 7](#F7){ref-type="fig"}*D*), and much of that loss was of neurites ([Fig. 7](#F7){ref-type="fig"}*E*). Co-treatment with cRGD or treatment with annexin V 48 h after Aβ blocked loss of neuronal processes stained with SNAP-25 ([Fig. 7](#F7){ref-type="fig"}, *D* and *E*). Hence, inhibition of different steps in microglial phagocytosis was sufficient to prevent Aβ1--42-induced microglia-dependent neuronal loss and death, leaving neurons with intact processes and synapses.

#### Microglia in Aβ-treated Cultures Contain Healthy NeuN^+^ Nuclei

When cultures were fixed during the period of neuronal loss (after 54 h of treatment with Aβ1--42), confocal imaging revealed a significant proportion of microglia containing NeuN^+^ nuclei (*i.e.* neuronal nuclei) inside the microglia in addition to a NeuN-negative microglial nucleus ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M111.267583/DC1)). NeuN is a nuclear marker specific to neurons (recently indentified as Fox-3, RNA binding protein) ([@B43]), which can be lost from the nuclei of neurons undergoing stress ([@B44]). We found that indeed treatment of neurons with neurotoxic levels of glutamate (200 μ[m]{.smallcaps}) or peroxynitrite (100 μ[m]{.smallcaps}) caused pronounced changes in NeuN staining of neurons as soon as after 2 h of treatment. Glutamate caused pronounced nuclear condensation with condensation of nuclear NeuN staining as well as partial loss of NeuN staining from the nucleus. High peroxynitrite concentrations induced neuronal necrosis (as observed previously in Ref. [@B45]) and caused almost complete loss of neuronal NeuN staining ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.267583/DC1)). Many of the NeuN^+^ nuclei inside of microglia cells retained a healthy morphology, with no condensation or marked loss of NeuN, therefore supporting the hypothesis that the microglia phagocytosed viable neurons. Altogether, our results suggest that treatment of neuronal/glial cultures by low Aβ1--42 concentrations induced neuronal loss exclusively due to the microglial phagocytosis of neurons, which otherwise stay alive.

DISCUSSION
==========

We found two different types of neurotoxicity of Aβ in our cultures: at high concentrations (μ[m]{.smallcaps}), Aβ caused direct neurotoxicity independent of microglia, whereas at low concentrations (n[m]{.smallcaps}), Aβ caused indirect neurotoxicity requiring microglia. The concentrations of Aβ inducing indirect neurotoxicity here (EC~50~, 6 n[m]{.smallcaps} Aβ) are similar to those reported recently by Maezawa *et al.* ([@B18]) in hippocampal cultures. We found a similar neuronal sensitivity to Aβ when added as a monomer, oligomer, or fibrillar preparation. However, as the incubation with cells was for 3 days, and Aβ1--42 fibrillizes in less than a day, these different preparations are likely to have adopted the same conformation (or mixture of conformations) by the end of the incubation.

The neuronal loss induced by Aβ required microglia and occurred 2--3 days after Aβ addition, without any dead neurons accumulating in the cultures. Inhibition of phagocytosis by four different means (cytochalasin D, annexin V, phosphatidylserine antibody, and cyclo(RGDfV) all prevented Aβ-induced neuronal loss. Cytochalasin D blocks actin polymerization required to mechanically power phagocytosis. However, it did also cause some microglia to detach from the plate and thus does not clearly distinguish between a requirement (of the Aβ-induced neuronal loss) for microglial contact and for microglial phagocytosis. Annexin V and phosphatidylserine antibody also blocked the Aβ-induced neuronal loss, indicating that PS exposure mediated the neuronal loss. cyclo(RGDfV) is a specific inhibitor of the vitronectin receptor, which can mediate the phagocytosis of PS-exposed cells, when the adaptor protein MFG-E8 binds both to PS on the target cell (via its C2 domains) and to the vitronectin receptor (VR) on the phagocyte (via the RGD domain of MFG-E8) ([@B39]). The ability of annexin V, phosphatidylserine antibody, and cyclo(RGDfV) to block neuronal loss thus indicates a role for the PS/MFG-E8/VR phagocytic pathway in Aβ-induced neuronal loss.

Inhibition of phagocytosis by these four different means all prevented Aβ-induced neuronal loss (which is perhaps unsurprising) without increasing the numbers of dead (apoptotic or necrotic) cells observed in the culture (which is perhaps surprising), indicating that neuronal loss through phagocytosis was not preceded by neuronal death. We have shown previously that LPS- or lipoteichoic acid-activated microglia phagocytose neurons reversibly exposing PS ([@B27]). Because Aβ activates microglia via the same Toll-like receptors as lipoteichoic acid and LPS ([@B7]), it seems likely that Aβ is activating microglia to phagocytose viable PS-exposed neurons here. We and others have shown previously that PS exposure by neurons can be fully reversible without cell death ([@B27], [@B46]). PS exposure requires activation of the phospholipids scramblase (by calcium or oxidants) and/or inhibition of the aminophospholipid scramblase (by oxidants or ATP depletion) ([@B12], [@B13]). Peroxynitrite can cause PS exposure by directly activating the scramblase and inhibiting the translocase ([@B14]), and we have shown that low levels of peroxynitrite can cause reversible PS exposure by neurons that leads to microglial phagocytosis if activated microglia are present at the time of PS exposure, but the neurons revert to a healthy state if no microglia are present ([@B27]). We have also demonstrated that peroxynitrite from activated microglia mediates the reversible PS exposure of neurons ([@B27]). Futhermore, we and others ([@B47], [@B48]) have previously shown that Aβ activates the phagocyte NADPH oxidase of microglia, leading to inducible NO synthase induction ([@B49]), resulting in peroxynitrite production ([@B50]). Thus, Aβ might induce microglial peroxynitrite production that causes neuronal PS exposure, which induces the activated microglia to eat the viable neurons. And this may be enhanced by the Aβ-induced activation of phagocytosis in microglia shown here ([Fig. 5](#F5){ref-type="fig"}) and elsewhere ([@B6]). However, whether phagocyte NADPH oxidase and peroxynitrite are in fact involved in the Aβ-induced neuronal loss seen here requires further study.

Phagocytosis of host cells is normally thought to be secondary to cells dying by apoptosis or necrosis. However, in principle, phagocytosis can induce death of cells, and we call this "primary phagocytosis" with the defining characteristic that death is prevented by inhibiting phagocytosis. There is increasing evidence for primary phagocytosis as a mechanism of cell death ([@B51]), including in models of inflammatory neuronal loss ([@B27], [@B52]), and tentative evidence that it may be involved in animal models of neurodegeneration ([@B4], [@B53]).

In the glial-neuronal cultures used here, Aβ induced loss of neuronal cell bodies, processes, and synapses in parallel, and this was prevented by blocking phagocytosis. In AD, synapses are lost earlier than neuronal cell bodies, which might reflect lower Aβ concentrations or other conditions *in vivo*. Because half-maximal neuronal loss occurred in culture at ∼5 n[m]{.smallcaps} Aβ, it is tempting to speculate that Aβ might have a physiological role in removal of synapses or neurons as Aβ is known to affect synaptic plasticity, which might in principle involve synaptic phagocytosis. Aβ can induce PS exposure on neurons ([@B15]) and can bind to PS ([@B36]), potentially opsonizing neurons or synapses for phagocytosis. However, we have no evidence for or against such an opsonizing role for Aβ in our cultures.

In our experiments, we have used cerebellar cultures as a model system to analyze the effects of Aβ, despite the fact that in Alzheimer disease, there is little or no neuronal loss from the cerebellum. However, the lack of cerebellar neuronal loss in AD correlates with a lack of neuritic plaques containing fibrillar amyloid and activated microglia in the cerebellum ([@B5], [@B54]), suggesting that the absence of cerebellar pathology in AD is due to the relative absence of toxic Aβ species, rather than a lack of sensitivity of the cerebellum to Aβ. Our experiments indeed show that cerebellar granule neurons are as sensitive to Aβ as hippocampal neurons in culture ([@B18]).

There is accumulating evidence that phagocytosis may contribute to neurodegenerative diseases. For example, mutations in the progranulin gene cause familial frontotemporal lobar degeneration, and recent evidence suggests that these inactivating mutations cause neuronal loss by promoting primary phagocytosis ([@B53]). Variants in a number of phagocytosis-related genes promote AD, including ApoE, ApoJ (clusterin), ABCA7, and CR1 ([@B55]). Microglial phagocytosis appears to contribute to neuronal loss in Alzheimer disease mouse models ([@B4]). However, testing whether phagocytosis of neurons in AD is primary or secondary to death by other means *in vivo* is challenging. Primary phagocytosis (unlike apoptosis or necrosis) leaves no cell corpse to diagnose the cause of death. Most mouse models expressing mutant APP lack significant neuronal loss unless they also include mutant tau. In addition, we currently lack suitable phagocytosis inhibitors that cross the blood-brain barrier. However, in principle, mouse models mutant in phagocytic genes could be used to test for primary phagocytosis.

We have found that inhibition of microglial phagocytosis of neurons prevents Aβ-induced neuronal death, which suggests the possibility that inhibition of PS/MFG-E8/vitronectin receptor-mediated phagocytosis might be used as a treatment for AD. However, (*a*) this system may have beneficial roles, and (*b*) phagocytosis of PS-exposed cells may in principle be anti-inflammatory ([@B52], [@B56]), so more work is required to determine whether blocking this type of phagocytosis is beneficial in models of AD.
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The on-line version of this article (available at <http://www.jbc.org>) contains [supplemental Figs. S1 and S2](http://www.jbc.org/cgi/content/full/M111.267583/DC1).
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